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Edited by Ga´spa´r Je´kelyAbstract Circadian clocks, internal timekeepers that generate
a daily rhythmicity, help organisms to be prepared for periodic
environmental changes of light and temperature. These molecu-
lar clocks are transcriptional feedback loops that generate 24-
h oscillations in the abundance of clock proteins. For the
maintenance of this rhythm inside the core clockwork and for
its transmission to downstream genes the clock proteins addition-
ally rely on post-transcriptional and post-translational mecha-
nisms. Thus clock proteins engage in a variety of interactions
with DNA, RNA and other proteins. Based on the model organ-
isms Drosophila melanogaster and Arabidopsis thaliana molecu-
lar principles of circadian clocks are discussed in this review.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Living beings are exposed to many diﬀerent environmental
inﬂuences. Many of them change regularly throughout the
day. The two most important factors in this category are the
change of light and darkness and of temperature, respectively.
Other factors change throughout the year and manifest them-
selves in what we call seasons. Obviously, anticipation of these
periodic changes enables an organism to prepare itself for the
conditions occurring with the highest probability. The timed
production of energy, synthesis of proteins or uptake of nutri-
ents helps to save resources and thus may be of competitive
advantage for survival. The linkage of the conditions outside
of the organism with those inside is achieved by an internal,
molecular timekeeper designated the circadian clock. The term
‘‘circadian’’ is composed of the Latin words circa (nearly) and
dies (day) referring to the fact that the clocks are generating
rhythms with a period of about 24 h, even in constant light
or temperature. Circadian clocks have been discovered in in-
sects [1], plants [2], fungi [3], cyanobacteria [4], nematodes*Corresponding author. Present address: Lehrstuhl fu¨r molekulare
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doi:10.1016/j.febslet.2005.03.028[5], mammals [6] and other species. They pervade most of an
organisms behaviour, physiology and metabolism.
In animals for instance the timing of sleep and alertness
is circadianly regulated. Through measuring the length of the
day, the circadian clock endows plants with the ability to
recognize the season and thus to time the transition to ﬂower-
ing, i.e. reproductive growth, to an appropriate time of the
year.
Today it is accepted that circadian clocks operate at the level
of a single cell and are composed of an array of clock proteins.
These interact in a distinct way to maintain a 24-h rhythm of
their expression. The transcription of many clock genes is
rhythmically activated, resulting in oscillating mRNA abun-
dance. Transcription factors play an important role in this reg-
ulation. However, regulation of clock genes is not restricted to
the level of transcription. The abundance of clock proteins is
additionally regulated through changes in mRNA decay, the
generation of alternative splice products or the speciﬁc degra-
dation of proteins via the proteasome pathway. Thus the main-
tenance of circadian rhythms includes all forms of protein
interaction: protein–DNA interaction, protein–RNA interac-
tion and protein–protein interaction. The existence of these
mechanisms within circadian clocks shall be explained more
detailed in the following sections.2. Keep on moving – Setup of a molecular clock
Circadian clocks can be separated into three main parts: The
clockwork keeping the clock going, the ‘‘input pathways’’ link-
ing the clock to the outside world, and the ‘‘output pathways’’
regulating periodic functions inside the cell (Fig. 1).
Like in real clocks the core of a molecular clock is the clock-
work. This so-called oscillator is encoded by clock genes which
are expressed in a rhythm, even in the absence of external stim-
uli. Genes of the central oscillator interact in form of a feed-
back loop controlling the expression of themselves and each
other by means of positive and negative (auto-)regulation:
the central oscillator generates self-sustained rhythms of nearly
24 h and hands them over to clock-regulated downstream
genes. As the rhythm generated by the oscillator is not exactly
in phase with the outside conditions the clock has to be set, or
as chronobiologists say ‘‘entrained’’. This job is done by a sig-
nal transduction cascade called the input pathway, transducing
light information perceived by photoreceptors. Additionally,
the clock can be adjusted by other periodic stimuli like altera-
tions of temperature.blished by Elsevier B.V. All rights reserved.
Fig. 1. Schematic setup of a molecular clock. The oscillator generates
self-sustained rhythms of about 24 h and hands them over to
components of the output pathways. The output genes themselves
control diﬀerent circadian functions of the organism. Signal transduc-
tion cascades of the input pathway synchronize the rhythm of the
oscillator to the environmental cycles of light and temperature.
Fig. 2. Model of the D. melanogaster oscillator. The transcription of
the clock genes per and tim is activated through the transcription
factors dCLK and CYC. PER and TIM accumulate (due to light
dependent degradation mainly during the night), enter the nucleus and
repress the activity of dCLK and CYC and therefore their own
expression. Degradation of PER and TIM during the day restores the
activity of dCLK and CYC. VRI and PDP1 form a second, interlocked
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are controlled by the oscillator and exhibit rhythmic physio-
logical and biochemical functions. Output genes may be con-
trolled by the clock components directly, e.g., through their
binding to promoter elements, or indirectly through the activa-
tion of downstream transcription factors.
Recent results suggest that the output signal transduction
chains may also comprise negative feedback loops. These so-
called slave oscillators would be rhythmically activated by
the master oscillator and control their own oscillation by neg-
ative feedback. The slave oscillators are thought to pass on
timing information to diﬀerent output pathways. There are
at least some hints that the Arabidopsis thaliana RNA-binding
protein AtGRP7 (glycine-rich protein 7) might be the ﬁrst rep-
resentative of such a feedback loop [7].
transcriptional feedback loop with dCLK (see text).3. Organisation of the circadian clock in Drosophila
melanogaster
The ﬁrst molecular component of a circadian clock was dis-
covered in D. melanogaster and since that time the Drosophila
clock is the prime example for circadian regulation [1].
In 1971 Konopka and Benzer identiﬁed three diﬀerent Dro-
sophila mutants with either long period (28 h), short period
(19 h) or arrhythmic eclosion from pupal cases in a popula-
tion kept in constant darkness [1]. Interestingly, all these muta-
tions were connected to a single locus on the X chromosome,
the gene period (per). About 20 years later it was discovered
that both, PER protein and per mRNA, cycle in abundance
[8]. Some correlations in per and PER abundances implicated
a closer connection of PER level and per transcription: per
transcript declines upon accumulation of PER protein and
does not rise again until PER reaches its trough, and, in addi-
tion, constitutive overexpression of PER depresses oscillations
of endogenous per mRNA [9,10].
The second gene of the Drosophila core oscillator that was
characterized genetically was timeless (tim). Like PER, TIM
accumulates with peak levels around midnight and tim loss
of function mutants show phenotypes identical to that of
per0 mutants [11]. Furthermore, it could be shown that PER
and TIM speciﬁcally interact and that tim0 mutations block
the nuclear uptake of PER [12].
In 1998, two transcription factors dclock (dCLK) and cycle
(CYC) were identiﬁed as a second important part of the
D. melanogaster oscillator [13,14]. per and tim transcription
is activated by dCLK and CYC, whereas the accumulation
of PER and TIM represses it (Fig. 2). This alternating activa-
tion and suppression of transcription leads to oscillations inPER and TIM abundance, which themselves control the rhyth-
mic expression of downstream genes.
3.1. Transcriptional activation through complex formation
For the generation and maintenance of rhythmicity within
the central oscillator a multitude of protein interactions is re-
quired. The transcription factors CYC and dCLK are localized
in the nucleus where they are activated by dimerization. Thus,
the transcriptional control of per and tim is achieved by means
of positive activation through protein–protein interaction and
DNA–protein interaction. Both transcription factors belong to
the class of bHLH-PAS (basic helix-loop-helix-PER-ARNT-
SIM) proteins. The basic helix-loop-helix motif is known to
serve as both, dimerization element and DNA binding region
[15]. The hexameric DNA sequence recognized by bHLH pro-
teins (5 0-CACGTG-3 0) is called E-box. It could be shown that
dCLK and CYC bind to the E-boxes of the per and tim pro-
moters [16]. However, E-box mutations do not abolish rhyth-
mic per and tim transcription, although the transcription level
is reduced [17]. Therefore, other promoter regions may have
functional relevance for rhythmicity. The second function of
the bHLH motif is the formation of the dCLK-CYC heterodi-
mer. In addition, the PAS domain seems to be necessary for a
stable protein complex and robust DNA binding [18].
This model explains the generation of PER and TIM oscilla-
tion, but it does not explain the oscillating pattern of dClk
mRNA and dCLK protein. dClk mRNA cycles with a peak
at dawn and the abundance of dCLK protein peaks during
the early day [19]. The identiﬁcation of additional components
promoted a model incorporating a second, interlocked feed-
back loop consisting of two more transcription factors vrille
(VRI) and par domain protein 1 (PDP1) (Fig. 2) [20–22].
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dCLK around noon and their corresponding mRNAs and pro-
teins accumulate. However, due to diﬀerent kinetics VRI peaks
ﬁrst and represses the transcription of dClk. After midnight
dClk is activated again by PDP1e, which has now reached its
maximum. After dawn all dCLK molecules are (re-) activated
after degradation of the repressor molecule PER [20].
3.2. Post-translational regulation of PER and TIM
To maintain the oscillations of clock proteins, temporal
delay between activation and repression is mandatory. This
ﬁne tuning is mostly achieved through post-translational
phosphorylation. Accordingly, ﬂies with mutations in several
kinases display strong circadian phenotypes. Phosphoryla-
tion of PER by double-time (DBT), the homologue of
mammalian casein kinase Ie, is thought to inﬂuence accumu-
lation, nuclear uptake and activity as a repressor (reviewed
in [16,23]).
Early in the circadian cycle when PER is cytoplasmic, phos-
phorylation by DBT renders PER unstable until TIM has accu-
mulated to a level suﬃcient to protect PER from proteolytic
degradation [24,25]. Phosphorylated PER is recognized by
SLMB (supernumerary limbs), an E3 ligase. As a consequence
PER is ubiquitinated and degraded by the proteasome. In con-
trast, the dephosphorylation of PER by PP2A (protein phos-
phatase 2A) protects PER from degradation and enables the
complex formation of PER and TIM. Subsequently, other ki-
nases participate in the regulation of PER, such as CKII (casein
kinase II) and SGG (shaggy). CKII and SGG possibly control
the nuclear accumulation of the PER/TIM complex [26].
These threeDrosophila kinases (DBT, CKII and SGG) are ex-
pressed constitutively. Thus to promote periodic changes in the
PER phosphorylation status, their kinase activity would have to
be switched on rhythmically at another level of regulation.
Alternatively, protein phosphatase PP2A could take a key posi-
tion in the PER regulation: The two regulatory subunits of
PP2A, TWS and WDB, are expressed in a 24-h rhythm [27].
Thus, PER and TIM may not be rhythmically phosphorylated,
but their phosphate residues might be rhythmically removed.
At the end of the circadian cycle the phosphorylation of the
negatively acting clock proteins and their subsequent degrada-
tion are important regulatory steps [28]. Upon nuclear uptake
PER interferes with transcriptional activation by the clock-cy-
cle heterodimer through interaction with clock, causing the
activators to fall oﬀ the promoter. However, binding of PER
does not eﬀect a disruption of the dCLK/CYC complex, indi-
cating that PAS proteins (like PER) can additionally interact
with bHLH-PAS heterodimers and regulate their activity with-
out breaking the complex [29]. Possibly again phosphorylation
activities of DBT, CKII and PP2A are responsible for the
repressional activity of PER [26]. Hyperphosphorylated PER
is targeted to degradation via the proteasome pathway. The
binding of a hyperphosphorylated form of PER to dCLK
and CYC could possibly cause the ubiquitination through
SLMB and subsequent degradation of the whole complex.
As a result tim and per are no longer transcribed.3.3. A function for PER without TIM?
Recently, Nawathean and Rosbash [28] have proposed an
alternative model for the kinases action within the core oscil-
lator. The authors show that PER represses dClk transcriptionin the absence of TIM. They suggest that PER phosphoryla-
tion does not primarily serve to promote its nuclear uptake
which then would increase the repressor concentration. They
rather propose that PER is activated by phosphorylation. As
a consequence of association of the repressor with DNA, this
active PER is prevented from shuttling back from the nucleus
into the cytoplasm, whereas inactive, non-phosphorylated
PER undergoes nuclear import and export. Thus, enhanced
nuclear PER abundance would be an indirect consequence of
the eﬀect of phosphorylation on activity, rather than a direct
promotion of nuclear uptake [28].
The crystal structure of the N-terminal part of PER com-
prising the PAS-A and PAS-B domains as well as two adjacent
a-helices (E and F) was solved by Eva Wolfs team [30].
According to their results, the homodimerisation of PER is
mediated by intermolecular interactions of PAS-A with PAS-
B and the adjacent a-helix F. These results also oﬀer a basis
to understand the phenotype of Konopkas and Benzers perL
mutant with a 28-h period and a delay in the nuclear uptake
of PER at a structural level [1]. In the perL mutant Val243 is ex-
changed for an aspartic acid residue. As the mutation resides
at the interface between a-F and PAS-A one can easily envis-
age that introduction of the acidic residue weakens hydropho-
bic interactions between PAS-A and a-F and thus may
inﬂuence accessibility of adjacent sequence motifs determining
the subcellular localization of PER. That perL indeed weakens
the homomeric interaction was shown by means of yeast two
hybrid, coimmunoprecipitation and gel ﬁltration analysis
[30,31].
3.4. Entrainment of the Drosophila clock
To keep the circadian system in synchrony with the outside
world, information about ambient light is communicated to
the oscillator via input pathways. In Drosophila, these input
pathways impinge on TIM protein: degradation of TIM in
the light alters the level of this clock component and thus sets
the phase of the oscillator. The blue-light photoreceptor cryp-
tochrome (CRY) has been shown to contribute to entrainment.
In cryb mutant ﬂies a missense mutation in the conserved ﬂavin
binding region causes the protein to degrade and PER and
TIM oscillations in the body of these ﬂies are not synchronized
to light–dark cycles [32].
Yeast two hybrid experiments revealed that CRY and TIM
physically interact and that the complexes exist only in the
light. CRY has a direct inﬂuence on the stability of TIM
and, as a consequence, of PER, and is responsible for the
entrainment of the Drosophila clock [33].
In addition CRY itself is victim to degradation by the protea-
some [33]. Therefore, a light mediated conformational change
of CRYmay allow the binding of TIM and lead to a subsequent
degradation of both molecules via the proteasome pathway.
Depletion of TIM and, consequently, PER restores the activity
of dCLK and CYC and shortly after dawn a new Drosophila
day starts with the anew per and tim transcription.4. Circadian clocks in plants – the Arabidopsis model
Although circadian phenotypes, like the rhythmic opening
of stomata or oscillating photosynthetic activity, were ﬁrst de-
tected in plants, our knowledge of the molecular basis is still
limited.
Fig. 3. Components of the Arabidopsis core oscillator and the phases
of their expression. CCA1 and LHY level rise at the end of the night
and peak in the early morning. As a consequence TOC1 expression is
repressed and reaches its trough opposite to the peak of LHY and
CCA1. Degradation of CCA1 and LHY, as well as additional
unknown processes, restore the expression of TOC1. Subjective day
and night are indicated by open and half-solid bars, respectively.
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diﬀerent genes (LHY, CCA1 and TOC1) and their correspond-
ing proteins. None of these proteins shows a signiﬁcant homol-
ogy to known clock proteins from Drosophila, mammals or the
fungus Neurospora crassa suggesting that the plant clock
evolved independently. However, like in the circadian systems
of these organisms, timekeeping relies on interlocked positive
and negative feedback loops generating a 24-h oscillation of
the clock proteins. The two transcription factors, CCA1 (circa-
dian clock associated) and LHY (late elongated hypocotyl),
are themselves expressed in a circadian rhythm. CCA1 was dis-
covered in screens for proteins binding to the promoter of the
rhythmically expressed LHCB (light harvesting chlorophyll A/B
binding protein) gene [34,35]. The constitutive overexpression
of CCA1 yielded arrhythmic expression of endogenous
CCA1, LHCB, AtGRP7/CCR2 (cold and circadian regulated)
and CAT3 (catalase 3) [36]. Identical eﬀects on circadian
rhythms were observed in the case of an Arabidopsis lhy
mutant. This mutant shows a late ﬂowering and long elongated
hypocotyl phenotype as a result of a transposon insertion
upstream of the LHY gene causing strong overexpression
of LHY [37]. In wild type plants, LHY and CCA1 are ex-
pressed with peak levels of transcript and protein in the subjec-
tive morning. Overexpression of LHY or CCA1 abolishes
this rhythm indicating a negative autoregulatory feedback
mechanism.
CCA1 and LHY belong to a class of Myb-like transcription
factors which have only a single Myb domain. These proteins
bind to promoter elements known as CCA1-binding site (CBS;
5 0-AAAATCT-3 0) or evening element (EE; 5 0-AAATATCT-
3 0). Interestingly, the promoters of both genes, LHY and
CCA1, contain such a CBS and it could be shown that binding
of CCA1 to these sequences does not only lead to a suppres-
sion of CCA1 transcription but also represses the accumula-
tion of LHY mRNA [17,36]. Therefore, LHY and CCA1 do
not only negatively autoregulate themselves but also recipro-
cally regulate each other.
As both LHY and CCA1 peak around dawn there has to be,
in analogy to the Drosophila oscillator, at least one more ele-
ment for closing the central loop, which should be expressed
with a maximum in the evening, opposite to the peak of
CCA1 and LHY. Such an element was discovered during mu-
tant screens for plants with altered period of LHCB oscilla-
tions [38]. TOC1 (timing of cab expression 1) belongs to the
class of pseudo-response regulators and undergoes circadian
oscillation as well. The levels of TOC1 transcript and TOC1
protein peak around dusk [39].
Because a toc1 mutation results in lower expression levels of
CCA1 and LHY, a simple model for the composition of the
Arabidopsis oscillator would be possible, particularly as the
promoter of TOC1 harbours an evening element allowing
CCA1 and LHY to bind to this sequence and subsequently re-
press the TOC1 transcription [40,41]: TOC1 initiates the tran-
scription of LHY and CCA1, which at high levels subsequently
repress the transcription of TOC1 and of themselves. The de-
cay of CCA1 and LHY derepresses TOC1 transcription and
a new circadian cycle is started (Fig. 3).
However, it is unlikely that TOC1 is the direct activator for
the expression of CCA1 and LHY, as TOC1 does not show a
signiﬁcant DNA-binding motif [39,42]. Moreover, there is a
lag phase between maximal TOC1 expression and the activa-
tion of CCA1 and LHY transcription. For these reasons oneor more yet unidentiﬁed factors have to be involved in the
transcriptional activation of LHY and CCA1.
4.1. Posttranslational activities inﬂuence the rhythm of the core
oscillator
Timekeeping by the core clock components CCA1, LHY
and TOC1 depends also on post-translational regulation.
CCA1 has been shown to interact with a new type of regula-
tory subunit of protein kinase CK2, termed CKB3, that so
far has only been detected in Arabidopsis [43]. Overexpression
of CKB3 in transgenic plants shortens the period of CCA1 and
LHY oscillations as well as that of several output genes [43].
These results indicate a direct inﬂuence of CK2 activity on the
maintenance of circadian rhythm. Recent experiments with a
mutated form of CCA1 that had several serine residues changed
into alanine and thus could not be phosphorylated conﬁrmed
this theory [44]. In transgenic plants overexpressing this mu-
tated CCA1 neither eﬀects on hypocotyl length and ﬂowering
nor on oscillations of CCA1, LHY and output genes could be
detected [36,44]. Thus it can be proposed that CCA1 phosphor-
ylation is necessary for the correct functioning of the Arabidop-
sis clock. Among the processes that could be inﬂuenced by
CCA1 phosphorylation are interactions with other proteins,
the regulation of the turnover rate or, in analogy to the Dro-
sophila clock, the control of nuclear uptake. So far only a stim-
ulation of CCA1 binding to the LHCB1*3 promoter upon
phosphorylation in vitro has been described, yet a physiological
relevance of this process in vivo remains to be shown [43].
Posttranslational control also contributes to oscillations of
the Arabidopsis clock proteins and to clock entrainment. The
changes in TOC1 abundance are not only caused through
the transcriptional inhibition by CCA1 and LHY, but also
through interactions with zeitlupe (ZTL) that was identiﬁed
in a mutant with a long period LHCB oscillation. ZTL en-
codes a PAS protein with similarities to the blue-light receptor
PHOT1 and the Neurospora clock protein white collar1
(WC1). Beside its PAS/LOV (light oxygen voltage) domain
ZTL consists of an F-box motif and six C-terminal kelch re-
peats. F-box proteins serve as adapters between target proteins
Fig. 4. Diﬀerent levels of clock control. The promoter activity of many
output genes, such as LHCB, CAT3 and AtGRP7, is presumably
controlled directly by the transcription factors of the central oscillator.
In contrast to other downstream genes, AtGRP7 exhibits negative
autoregulation and is thus proposed to be positioned in a secondary
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hypothesis that ZTL may target the central oscillator protein
TOC1 for the degradation via the proteasome pathway. Ma´s
and colleagues demonstrated in yeast two hybrid experiments
that ZTL speciﬁcally interacts with TOC1 via its LOV domain
and proved that the complex formation of ZTL and TOC1 ex-
ists in vivo [45]. Additional experiments with ztl1 mutants
showed that degradation of TOC1 requires functional ZTL.
Furthermore, the degradation of TOC1 is mediated by the pro-
teasome, as the addition of proteasome inhibitors protects
TOC1 from degradation in a cell-free assay [45]. Taken to-
gether, these results imply a role for ZTL in the entrainment
of the Arabidopsis clock: The dark dependent association of
ZTL and TOC1 and the subsequent degradation of TOC1
via the proteasome pathway possibly synchronize the Arabid-
opsis clock to the current daylength. An important part in this
resetting of the clock may be fulﬁlled by phytochromes and
cryptochromes which are involved in the light dependent con-
trol of periods in plants and bind to ZTL in vitro [46,47]. The
observation that the eﬀect of the ztl mutation on the free run-
ning period of transcript rhythms strongly depends on the light
intensity is consistent with a role for ZTL in light input [48].
feedback loop downstream of the central oscillator. As AtGRP7
abundance also inﬂuences that of AtGRP8 it possibly fulﬁlls the
function of a ‘‘slave’’ oscillator, handing over the signals from the core
oscillator to other output genes.4.2. Posttranscriptional control and secondary feedback loops
Clock control of output genes mainly occurs at the tran-
scriptional level. This may be accomplished directly through
interaction of clock proteins with promoters of output genes.
In fact, the LHCB promoter contains a CBS whereas the
CAT3 and AtGRP7/CCR2 promoters contain an EE suggest-
ing direct binding of CCA1 and/or LHY [17,49]. Clock control
of key transcription factors is a means to indirectly convey
rhythmic expression upon entire biosynthetic pathways [41].
The observation of constant mRNA abundance despite
rhythmic promoter activity in the case of LHCB1*1 or CAT3
in extended darkness suggested that post-transcriptional con-
trol serves as an additional checkpoint of clock output [17,50].
Two closely related clock-regulated RNA-binding proteins,
AtGRP7/CCR2 and AtGRP8/CCR1, mediate post-transcrip-
tional control in A. thaliana. AtGRP7 was discovered as coun-
terpart to the circadian controlled Sinapis alba glycine-rich
protein SaGRP1, containing a single RRM and a C-terminal
glycine-rich stretch [51–54]. The AtGRP7 transcript oscillates
with peak levels 8–12 h after onset of illumination. Interest-
ingly, the highest level of AtGRP7 protein is reached about
4 h later than the transcript peak, suggesting a negative
autoregulatory mechanism. Indeed, in transgenic plants over-
expressing AtGRP7 the oscillations of the endogenous tran-
script were damped. However, AtGRP7 does not cause
alterations in the expression of LHCB or catalase which places
AtGRP7 outside the central oscillator. Accordingly, it could be
shown that the downregulation of endogenous transcript in
AtGRP7 overexpressors is not due to a repression of transcrip-
tion [55]. Analysis with AtGRP7 promoter-reporter fusions re-
vealed that in presence of high AtGRP7 concentrations the
AtGRP7 promoter is still rhythmically activated. This presum-
ably occurs by factors of the central oscillator as constitutive
overexpression of either CCA1 or LHY depresses the oscilla-
tions of AtGRP7 [36,37].
Recently, some clues to the molecular mechanism of the neg-
ative autoregulation have been obtained [56]. In AtGRP7 over-
expressors an alternatively spliced AtGRP7 transcriptaccumulates instead of the fully spliced transcript containing
the uninterrupted open reading frame and the unspliced pre-
mRNA present in wild type plants. Thus an elevated level of
AtGRP7 protein seems to activate a cryptic splice site in the
middle of the intron. The alternatively spliced transcript retains
the ﬁrst 167 bases of the ‘‘budgetary’’ intron. The alternative
splice form has a shortened lifetime (0.5 h in contrast to 3
h of the mature mRNA), accounting for its low steady state
abundance. Because recombinant AtGRP7 protein has been
shown to speciﬁcally interact with the intron and the 3 0 untrans-
lated region of its transcript, the shift in splice site selection may
be caused by direct protein–RNA interaction. Thus, in wild
type plants an increasing level of AtGRP7 protein during the
circadian cycle may lead to the generation of the alternatively
spliced transcript that does not accumulate to signiﬁcant levels.
Furthermore, its open reading frame ends at a premature stop
codon, preventing further accumulation ofAtGRP7 protein [7].
AtGRP7 also inﬂuences splicing and abundance of the re-
lated AtGRP8 transcript, suggesting that the AtGRP7 feed-
back loop can control other rhythmic transcripts within the
cell. Thus the AtGRP7 negative feedback loop represents a
molecular slave oscillator operating downstream of the Arabid-
opsis clock (Fig. 4) [57].5. Concluding remarks
Components of the core oscillators in the model species D.
melanogaster and A. thaliana do not show conservation at
the level of sequence. However, the fundamental principle to
generate self-sustained oscillations of clock proteins that in
turn convey circadian rhythmicity upon downstream processes
within the cell is remarkably well repeated: interdependent
transcriptional loops result in rhythmic activation and repres-
sion of clock gene transcription through the encoded proteins
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proteins with their own and each others promoters.
To ensure a 24-h period of these oscillations, the fate of the
clock proteins is inﬂuenced by a suite of regulatory proteins.
Reciprocal alteration of the phosphorylation status by kinases
and phosphatases regulates properties like DNA-binding
activity, subcellular localisation, and degradation through
the proteasome.
Less well understood is the contribution of post-transcrip-
tional regulation. Changes in mRNA half-life during the circa-
dian cycle, for example, shapes mRNA oscillations [58]. In
Arabidopsis alternate splicing can evoke such changes in
mRNA abundance as shown for AtGRP7 [56]. Possibly other
molecules and mechanisms, like regulation through antisense
RNAs as described for N. crassa [59], participate in the post-
transcriptional control of clock genes. There are still many se-
crets to be discovered in the setup of circadian clocks.References
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